Glutamatergic system has an important role in cocaine-seeking behavior. Studies have reported that chronic exposure to cocaine induces downregulation of glutamate transporter-1 (GLT-1) and cystine/glutamate exchanger (xCT) in the central reward brain regions. Ceftriaxone, a β-lactam antibiotic, restored GLT-1 expression and consequently reduced cue-induced reinstatement of cocaine-seeking behavior. In this study, we investigated the reinstatement to cocaine (20 mg/kg, i.p.) seeking behavior using a conditioned place preference (CPP) paradigm in male alcohol-preferring (P) rats. In addition, we investigated the effects of Ampicillin/Sulbactam (AMP/SUL) (200 mg/kg, i.p.), a β-lactam antibiotic, on cocaine-induced reinstatement. We also investigated the effects of AMP/SUL on the expression of glial glutamate transporters and metabotropic glutamate receptor 1 (mGluR1) in the nucleus accumbens (NAc) core and shell and the dorsomedial prefrontal cortex (dmPFC). We found that AMP/SUL treatment reduced cocaine-triggered reinstatement. This effect was associated with a decrease in locomotor activity. Moreover, GLT-1 and xCT were downregulated in the NAc core and shell, but not in the dmPFC, following cocaine-primed reinstatement. However, cocaine exposure increased the expression of mGluR1 in the NAc core, but not in the NAc shell or dmPFC. Importantly, AMP/SUL treatment normalized GLT-1 and xCT expression in the NAc core and shell; however, the drug normalized mGluR1 expression in the NAc core only. Additionally, AMP/SUL increased the expression of GLT-1 and xCT in the dmPFC as compared to the water naïve group. These findings demonstrated that glial glutamate transporters and mGluR1 in the mesocorticolimbic area could be potential therapeutic targets for the attenuation of reinstatement to cocaine-seeking behavior.
Introduction
Glutamatergic neurotransmission within the mesocorticolimbic circuit plays a major role in reinstatement to cocaine-seeking behavior in rat models [1, 2] . Cocaine has an indirect effect on the elevation of extracellular glutamate concentrations in the limbic system, particularly in the nucleus accumbens (NAc), which can lead to neuroplastic changes, including alteration in the expression of glutamatergic receptors in the central nervous system [3] [4] [5] . Ample evidence linked the glutamatergic system and cues-, stress-, and drug-primed reinstatement of cocaine seeking [For review see [6] ]. Cocaine-seeking behavior was blocked following microinjection of ionotropic glutamatergic receptor antagonist within the NAc [7, 8] . Importantly, foot shock-induced reinstatement of cocaine-seeking behavior was initiated through glutamatergic projections to the NAc [9] . This suggests the key role in the maintenance of cocaine-seeking behavior.
Astrocytes are the most abundant glial cells in the brain, constituting of 40-50% of all glial cells, with several key functions [10] . Importantly, astrocytes have been shown to control the clearance of extracellular glutamate concentrations in the brain [For review see [11] ]. This clearance is regulated by a family of glutamate transporters, in particular, glial glutamate transporter type 1 (GLT-1), which is responsible for clearing the majority of extracellular glutamate concentration [12] . Studies have shown that cocaine exposure reduced GLT-1 expression in the NAc [13] . Cystine/glutamate transporter (xCT) is another glial glutamate transporter that exchanges extracellular cystine by intracellular glutamate. This transporter was also downregulated in the NAc in the reinstatement to cocaine seeking in animal model [13] and in animals chronically exposed to cocaine [14, 15] . Glutamate aspartate transporter (GLAST) is another glial transporter that is responsible for regulating glutamate homeostasis [16] . In this study, we investigated the effects of non-contingent cocaine reinstatement in a conditioned place preference (CPP) paradigm on the expression of these glial glutamate transporters in the NAc core and shell as well as the dorsomedial prefrontal cortex (dmPFC).
β-lactam antibiotics are known to upregulate GLT-1 expression in the brain [17, 18] . We and others have shown that ceftriaxone, β-lactam antibiotic, attenuated relapse to cocaine-seeking behavior in part through upregulation of GLT-1 and xCT expression in the NAc and PFC [13, 19] . Furthermore, ampicillin (AMP), a β-lactam antibiotic, upregulated GLT-1 and xCT expression in the NAc and PFC, and decreased daily ethanol intake [20, 21] . In this study, we used CPP as a model to study relapse to cocaine-seeking behavior, since this testing paradigm is considered as a valid method to investigate relapse to drug-seeking behavior in laboratory animals [22] [23] [24] . Thus, we investigated for the first time the effects of AMP and sulbactam (SUL) on reinstatement to cocaine-seeking behavior and locomotor activity using this CPP paradigm.
In this study, we also determined the expression of group I metabotropic glutamate receptor (mGluR1), which is expressed in the mesocorticolimbic areas [25] [26] [27] . Studies revealed that treatment with selective mGluR1 antagonists reduced cocaine-seeking behavior in monkeys [28] , and reduced psychomotor sensitization in rodents [29, 30] . In addition, a study showed that mGluR1 antagonist blocked cocaine-induced CPP [31] . In addition to glial glutamate transporters, we focused this study on the effect of cocaine-induced reinstatement as well as AMP/SUL treatment on mGluR1 expression in the NAc (core and shell) and dmPFC.
Findings have proven that the NAc is a key brain region that regulates emotional and motivational responses, including reward-related activities and drug-seeking behavior [32] . Importantly, cocaine exposure altered glutamate and dopamine neurotransmission in the subregions of the NAc (core and shell). The intra-injections of drugs of abuse, including cocaine, directly into the NAc shell, have been found to play a role in the development of conditioned reinforcement [33, 34] and motor response to dependence drugs [35, 36] . However, the NAc core has been found to mediate cue-induced reinstatement of cocaineseeking behavior [33, [37] [38] [39] .
Furthermore, the PFC has been suggested to be implicated in drugseeking behavior [40] . Enhancing glutamatergic function in the dmPFC projections to the NAc core and shell is necessary for the modulation of cocaine-seeking behavior [1, 2, 9, 41] . Moreover, glutamate projections from the dmPFC to the NAc core regulate non-contingent cocaine-induced reinstatement in rats exposed to cocaine [42, 43] and cues [44, 45] . It is important to note that dysregulation in the glutamate homeostasis can lead to methamphetamine-, morphine-and cocaineseeking behavior as well as facilitation of relapse to drug-seeking behaviors [13, [46] [47] [48] . In particular, exposure to cocaine was associated with an increase in extracellular glutamate concentrations in the NAc [49] .
Neural interconnection analysis has identified two sub-circuits within the mesocorticolimbic pathway. One circuit includes the glutamatergic projection from the ventral PFC (vPFC) and the infralimbic structure into the NAc shell, and the second circuit comprises of the dmPFC and NAc core, which connect with the motor system [For review see [50, 51] ]. Previous studies revealed the involvement of the limbic circuit with behavioral changes that are associated with chronic drug use, including relapse [52, 53] . In addition, evidence showed neuroadaptation in the limbic circuit following repeated exposure to drugs of abuse [54, 55] . However, behavioral changes associated with chronic drug use are often defined as compulsive or automatic, which may indicate the activation of the motor circuit more than the limbic [56, 57] . Importantly, different stimuli may trigger chronic drug-abuse related behavior, including craving, via the limbic circuit, but the execution of the behavior may depend on the motor circuit [42] .
In the present study, we investigated the effects of cocaine reinstatement on GLT-1, xCT, GLAST and mGluR1 in the NAc core, NAc shell and dmPFC of male alcohol-preferring (P) rats. The rationale for using P rats is that these rats are sensitive to the reinforcing effects of cocaine self-administration as compared to low alcohol-consuming rats [58] . In addition, P rats were used as an extension of a previous work from our lab that studied the effects of chronic co-exposure of ethanol and cocaine on glial glutamate transporters and ethanol intake [59] . Moreover, our study provides evidence of cocaine dependence in male P rats.
Materials and methods

Subjects
Twenty-five male P rats were received from Indiana University, School of Medicine (Indianapolis, IN, USA) at the age of 21-30 days, and were housed in the Department of Laboratory Animal Resources, University of Toledo, Health Science Campus. At the age of 75 days, each rat was kept separately in a standard plastic cage and had a free access to food and water ad lib throughout the experiment. The room temperature was maintained at 21°C and 50% humidity with a 12-h light-dark cycle. The experiments and housing procedures were in compliance with and approved by the Institutional Animal Care and Use committee of The University of Toledo, in accordance with the guidelines of the Institutional Animal Care and Use Committee of the National Institutes of Health and the Guide for the Care and Use of Laboratory Animals.
Conditioned place preference and locomotor activity
The experimental schedule is illustrated in Fig. 1 , and the injections given to each experimental group are illustrated in Table 1 [60, 61] . At the beginning of the experiment, rats were grouped into four groups: 1) Control group rats were given saline interaperitoneal (i.p.) injections throughout the experiment; 2) AMP/SUL group rats were conditioned with AMP/SUL (200 mg/kg, i.p.) only; 3) Cocaine-saline group rats were conditioned with cocaine and then given saline i.p. injections throughout the extinction phase, before being challenged with cocaine in the reinstatement phase; and 4) Cocaine-AMP/SUL group, rats were conditioned with cocaine followed by AMP/SUL i.p. injection in the extinction phase and challenged by cocaine injection in the reinstatement phase. AMP/SUL group was i.p. injected with AMP/SUL or saline to investigate whether AMP/SUL induces any CPP preference or locomotion activity in water naïve rats. A full description of the experiment design is stated below.
Pre-conditioning test of CPP and locomotor activity
In this study, we used a rectangular Plexiglas box (110 cm × 40 cm × 40 cm) divided into three distinct chambers (white, black and colorless) by two guillotine doors. The similar size black and white compartments (40 cm × 40 cm × 40 cm) were used for conditioning, while the colorless compartment (30 cm × 40 cm × 40 cm) joining them together was designated as the middle compartment. The two conditioning chambers had different visual cues and floor textures: the inner walls of the white chamber had vertical black and white strips with a rough black floor, while the inner walls of the black chamber had horizontal white and black stripes with an even white floor. Rats were placed in the middle chamber for three minutes; afterward, the guillotine doors were removed and rats were allowed to roam freely in the CPP apparatus for 20 min on the first three days (habituation phase). On Day 3, a digital camera was situated above the apparatus, and time spent in each chamber was recorded and measured manually by an observer blinded to the experimental design, defining the location of the head as the location of the rat (preconditioning test) as described previously [62] . The recorded videos were analyzed to assess the locomotor activity using ANY-maze tracking software version 4.99 m (Stoelting Co., Wood Dale, IL). Rats were then randomly paired to each chamber in order to generate a similar average in time spent in each chamber (unbiased design).
2.2.2.
Post-conditioning test and locomotor activity 2.2.2.1. Post-conditioning test of CPP and locomotor activity for cocaine or saline group. .Over the next eight days, conditioning preference was monitored when alternating either i.p. injections of cocaine and saline or saline alone (conditioning phase). Cocaine hydrochloride (Sigma Aldrich, St. Louis MO) was dissolved in saline (1 mg in 1 ml) and was prepared fresh every other day for i.p. injection at 20 mg/kg. On Days 1, 3, 5 and 7, rats were treated with either cocaine 20 mg/kg or saline (i.p. injections) and were instantly confined in their paired chamber for 30 min. On Days 2, 4, 6 and 8, rats were given saline and were confined in the opposite chamber for 30 min. The i.p. injections were given in a counterbalanced order. Specifically, injections on Days 1, 2, 5 and 6 were given in the mornings, while injections on Days 3, 4, 7 and 8 were administered in the afternoon. Also, the positioning of the chambers was changed every day, as described in a previous study [63] . On Day 9, 48 h after the last i.p. injection of cocaine, no injection was given, and CPP testing and locomotor activity, assessed as distance traveled, were conducted similarly to the preconditioning test described above.
2.2.2.2.
Post-conditioning test of CPP and locomotor activity for AMP/ SUL.. A separate group of rats (n = 5) was conditioned in an identical manner to cocaine using AMP/SUL (Fresenius Kabi USA, LLC), which was dissolved in saline (1 mg in 1 ml) and prepared fresh every other day for i.p. injection at 200 mg/kg, as described in previous study using ceftriaxone [62] . This experiment was conducted to observe the effects of AMP/SUL on CPP behavior and locomotor activity. CPP test and locomotor activity were performed as described above.
Extinction test of CPP and locomotor activity
On Day 13, rats were randomly divided into two groups with a similar average of time spent in the cocaine-paired chamber to receive either AMP/SUL and saline or saline alone, in the chamber previously paired with cocaine (Extinction phase). Extinction was executed over four cycles (eight consecutive days) in a similar way as it was conducted in the conditioning phase. The extinction phase was conducted to alleviate cocaine-seeking behavior observed during the post conditioning test, which may mimic the abstinent phase in addicts. Rats received either AMP/SUL or saline on Days 13, 15, 17 and 19 and saline i.p. injections on Days 14, 16, 18 and 20. Injections were also counter-balanced in the same way as it was performed in the conditioning phase. Two i.p. injections were given in the morning, while the following two days, the i.p. injections were administered in the afternoon. On Day 21, rats did not receive any injection, and preference and locomotor tests were performed as described above. In order to consider the rats extinguished, the time spent in the cocaine-paired chamber should be reduced by 25% or more compared to post-conditioning test, as described in previous studies [46, 62, 64] .
Reinstatement test of CPP and locomotor activity
The day following the extinction test, rats were given a single dose of cocaine (20 mg/kg, i.p.) or saline and confined in the assigned chamber that was given during the conditioning phase for 30 min. On the following day, saline i.p. injection was administered similarly. Both injections were given in the morning (reinstatement phase). Reinstatement was performed to mimic relapse to cocaine-seeking behavior. On the last day of the experiment, rats did not receive any injections and were tested for reinstatement and locomotor activity as described above (See Fig. 1 ).
Brain tissue harvesting
After reinstatement test, rats were rapidly euthanized using CO 2 inhalation and promptly decapitated using guillotine. Brains were then placed on dry ice and stored at −80°C. The NAc core and NAc shell as well as the dmPFC were extracted using micro-punch procedure with a cryostat apparatus kept at −20°C to keep the tissue frozen, as [65] . Rat Brain Stereotaxic Atlas was used to detect and dissect these brain regions [66] . These brain regions were identified through visualized landmarks, such as the appearance of anterior commissure (Fig. 2) .
Western blot protocol for detection of GLT-1, xCT, GLAST and mGluR1
Brain samples were lysed using regular lysis buffer as described in previous studies [19] [20] [21] 48] . Equal amounts of extracted proteins were mixed with 5X laemmli loading dye and then separated in 10% polyacrylamide gels. Proteins were then transferred on a PVDF membrane using transfer apparatus system (Bio-Rad, Hercules, CA). Membranes were then blocked with 3% milk in TBST (50 mM Tris HCl; 150 mM NaCl, pH 7.4; 0.1% Tween 20) for 30 min at room temperature. Membranes were then incubated overnight at 4°C with one of the following primary antibodies: rabbit mGluR1 (1: 3000; Millipore Bioscience Research Reagents), guinea pig anti-GLT-1 (1:5000, Millipore Bioscience Research Reagents), rabbit anti-xCT antibody (1: 1000; Abcam), and rabbit anti-EAAT1 (GLAST) antibody (1: 5000; Abcam). Mouse anti β-tubulin was used as loading control (1:5000; Cell signaling technology). On the next day, membranes were washed with TBST for five times and then blocked with 3% milk in TBST for 30 min. Membranes were further incubated with secondary antibody for 90 min at room temperature. Secondary antibodies used in this study are: antimouse (1:5000; Cell signaling technology), anti-rabbit (1:5000; Thermo scientific) and anti-guinea pig (1:5000; Cell signaling technology). Membranes were then incubated with the SuperSignal West Pico Chemiluminescent substrate to detect protein blots and further exposed to Kodak BioMax MR Film (Fisher Inc.); and films were developed on SRX-101A machine. MCID system was used to quantify the detected bands, and the results were presented as a percentage of the ratio of tested protein/β-tubulin, relative to control groups (100% control-value). In each gel run, the water control group was set as 100% and the expression of the protein for each drug treatment group was calculated relative to the water control group. This method has been used in previous studies [67] [68] [69] [70] [71] [72] [73] [74] .
Statistical analysis
Time spent in conditioning chambers and the distance traveled were analyzed using two-way repeated measure ANOVA. When significant interaction or significant main effect was shown, Newman-Keuls multiple analysis test was used to compare the effects of the row factor (Days). However, Bonferroni multiple analysis was used when comparing the effects of column factor (treatment or chamber). Immunoblot data were analyzed using one-way ANOVA, followed by Newman-Keuls as a post hoc test. Unpaired two-tailed t-test was used to analyze the effects of AMP/SUL on locomotor activity, since the comparison was done between only two groups. All data were statistically analyzed using GraphPad Prism, represented as p < 0.05 level of significance.
Results
An unbiased design was used for all the experiments since unpaired two-tailed t-test did not show any significance in time spent among the two chambers (n = 25) t (48) = 0.8377, (p = 0.4064). Newman-Keuls multiple comparisons test showed a significant increase in time spent in the drug-paired chamber at post conditioning test as compared to the pre-conditioning test (p < 0.05, Fig. 2A) . A significant decrease in time spent in the drug-paired chamber was found at the extinction test as compared to post-conditioning (p < 0.001; Fig. 2A ). Cocaine i.p. injected at the reinstatement phase significantly increased time spent in the drug-paired chamber as compared to extinction (p < 0.01; Fig. 3A ) and pre-conditioning (p < 0.05; Fig. 3A ). Bonferroni multiple analysis showed an increase in times spent in the cocaine-paired chamber compared to the saline-paired chamber during post-conditioning and reinstatement (p < 0.01; Fig. 3A ). Newman-Keuls multiple comparisons test revealed a significant increase in time spent following conditioning training in drug-paired chamber as compared to pre-conditioning (p < 0.01, Fig. 3B ). A significant decrease in time spent in the drug-paired chamber was revealed following extinction training as compared to both post-conditioning (p < 0.0001; Fig. 3B ) and reinstatement (p < 0.01; Fig. 3B ). Bonferroni multiple analysis showed an increase in time spent in the cocaine-paired chamber compared to the saline-paired chamber during post-conditioning (p < 0.01; Fig. 2B ). . AMP/SUL did not affect the locomotor activity assessed as distance-traveled of the rats compared to water group using unpaired two-tailed t-test t (9) = 0.2470, (p = 0.8104) (n = 5). Fig. 3 . Time spent in each conditioning chamber during different CPP phases. A) Two-way repeated measure ANOVA followed by Bonferroni post-tests revealed a significant increase in time spent in the cocaine-paired chamber in post conditioning and reinstatement compared to the saline-paired chamber with the cocaine-saline group. B) Two-way repeated measure ANOVA followed by Bonferroni post-tests revealed a significant increase in time spent in the cocaine-paired chamber compared to the saline-paired chamber in post conditioning with the cocaine-AMP/SUL group. C) Two-way mixed model ANOVA with repeated measure at each time point, followed by Bonferroni post-tests revealed a significant increase in time spent in the cocaine-paired chamber with the cocaine-saline group compared to the cocaine-AMP/SUL group. D) Two-way ANOVA followed by Bonferroni post-tests revealed a significant increase in distance in post conditioning and reinstatement with the cocaine-saline group compared to the control group and an increase in distance traveled in post conditioning only with the cocaine-AMP/SUL group compared to the control group. (Values shown as means ± S.E.M. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 [($ p < 0.05, $$ p < 0.01 and $$$ p < 0. 001) within cocaine-paired chamber] (n = 6-7 for each group).
Cocaine-AMP/SUL group
A.M. Hammad et al. Behavioural Brain Research 332 (2017) 288-298
4.1.5. Effect of AMP/SUL on cocaine-induced locomotor activity using CPP apparatus Two-way repeated measure ANOVA revealed a significant effect of Day [F (3, 51) = 12.09, p < 0.0001], a significant effect of treatment [F (2, 17) = 30.09, p < 0.0001], and a significant interaction between Days x Treatment [F (6, 51) = 5.363, p = 0.0002]. Bonferroni multiple analysis showed a significant increase in locomotor activity, measured as distance traveled after conditioning training and reinstatement, was revealed with the cocaine-saline group as compared to the water group (p < 0.0001; Fig. 3D) . A significant increase in locomotor activity, measured as distance traveled after conditioning training, was also revealed with the cocaine-AMP/SUL group as compared to the water group (p < 0.001; Fig. 3D ) (n = 6-7). decrease in the expression of GLT-1 in cocaine-treated rats, as compared to the water rats (p < 0.001; Fig. 4A ) and cocaine-AMP/SUL-treated rats (p < 0.001; Fig. 4A ), in the NAc core. Newman-Keuls multiple comparisons test showed a significant decrease in the expression of GLT-1 in the cocaine-treated group, compared to the water group (p < 0.05; Fig. 5A ) and cocaine-AMP/SUL-treated group (p < 0.05; Fig. 5A ), in the NAc shell. Newman-Keuls multiple comparisons test also showed a significant increase in the expression of GLT-1 in the cocaine-AMP/SUL-treated group compared to the water group (p < 0.05; Fig. 6A ) in the dmPFC (n = 6).
Effects of cocaine and
xCT expression
One-way ANOVA analysis revealed a significant main effect among the water, cocaine, and cocaine-AMP/SUL groups in the NAc core [F (2, 15) = 7.333, p = 0.006; Fig. 4B Quantitative analysis revealed a significant decrease in the ratio of GLT-1/β-tubulin and xCT/β-tubulin in the cocaine group compared to the control (water) and cocaine-AMP/SUL groups. No significant difference in the ratio of GLAST/β-tubulin in the NAc core was revealed among all tested groups. There was a significant increase in the ratio of mGluR1/β-tubulin in the cocaine-exposed group as compared to the control (water) and cocaine-AMP/SUL groups. (* p < 0.05, ** p < 0.05 and *** p < 0.05. Values shown as means ± S.E.M. (n = 6 for each group).
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comparisons test showed also a significant increase in the expression of xCT in the cocaine-AMP/SUL-treated group compared to the water group (p < 0.05; Fig. 6B ) in the dmPFC (n = 6).
GLAST expression
One-way ANOVA analysis revealed a non-significant main effect among the water, cocaine, and cocaine-AMP/SUL groups in the NAc core [F (2, 15) = 1.408, p = 0.2753; Fig. 4C 
mGluR1 expression
One-way ANOVA analysis revealed a non-significant main effect among the water, cocaine, and cocaine-AMP/SUL groups in the NAc shell [F (2, 15) = 0.4106, p = 0.6705; Fig. 5D ], and dmPFC [F (2, 15) = 0.2563, p = 0.7772; Fig. 6D ]. However, one-way ANOVA analysis revealed a significant main effect among the water, cocaine, and cocaine-AMP/SUL groups in the NAc core [F (2, 15) = 7.940, p = 0.0044; Fig. 4D ]. Newman-Keuls multiple comparisons test showed a significant increase in the expression of mGluR1 in the cocainetreated group compared to the water group (p < 0.01; Fig. 4D ) and cocaine-AMP/SUL-treated group (p < 0.05; Fig. 3D ) in the NAc core (n = 6).
Discussion
In this study, we determined the effect of AMP/SUL on cocaineinduced reinstatement using a CPP paradigm. We found that cocaine, given intermittently through i.p. injections for eight days, (4 cycles) induced a place preference in which rats spent significantly more time in the cocaine-paired chamber. In addition, we reported a significant increase in locomotor activity, assessed by measuring distance traveled following exposure to cocaine. Repeated daily saline i.p. injections for eight days effectively extinguished the cocaine-induced place preference and decreased locomotor activity. However, a single non-contingent cocaine i.p. injection induced reinstatement to cocaine-seeking behavior and increased locomotor activity. Our findings are in agreement with previous studies, which showed that four intermittent i.p. injections of cocaine induced place preference and increased locomotor activity as well as that cocaine CPP was extinguished after eight saline i.p. injection [24, 61, [75] [76] [77] [78] [79] . The acute locomotor responses to drugs of abuse, including cocaine, are mainly dependent on the mesolimbic and nigrostriatal dopaminergic systems, which are known to be regulated by the glutamatergic system [80] . Previous findings have reported that acute locomotor responses to various drugs of abuse, including cocaine, were attenuated by several glutamate receptor antagonists, following either systemic delivery at high doses or local delivery into the NAc or striatum [81] [82] [83] . Importantly, a previous study found that ceftriaxone attenuated locomotor activity, which was induced by acute and 
A.M. Hammad et al. Behavioural Brain Research 332 (2017) 288-298
repeated cocaine exposure [84] . We found here that AMP/SUL treatment reduced both reinstatement to cocaine-seeking behavior and locomotor activity. Our findings indicate that glial glutamate transporters might be involved in cocaine-increased locomotion activity. However, future studies are warranted to determine the specific effects of β-lactam antibiotics on cocaine-increased locomotion activity. Similarly, AMP/SUL did not facilitate extinction; since there was no significant difference in extinction between the AMP/SUL-and saline-treated groups in cocaine −paired chamber. In addition, we found that rats treated with AMP/SUL alone did not affect CPP behavior or have any non-specific effect on locomotor activity compared to saline-treated rats. These results are in agreement with previous studies, which demonstrated that ceftriaxone alone had no effect on CPP behavior when used to attenuate methamphetamine [62] or morphine reinstatement [85] . In addition, ceftriaxone treatment had no effect on locomotor activity compared to the saline-treated group [13, 62, 69] . We also investigated the effect of non-contingent cocaine i.p. injection and the modulatory effects of AMP/SUL treatment on GLT-1, xCT and GLAST expression in the NAc core, NAc shell and dmPFC in P rats. GLT-1 and xCT are mostly expressed on astrocytes and represent potential therapeutic target strategies for the treatment of neurodegenerative diseases [For review see [11] ]. Cocaine decreased GLT-1 and xCT expression in the NAc core and shell, but not in the dmPFC. Importantly, AMP/SUL treatment upregulated GLT-1 and xCT expression in the NAc core, NAc shell and dmPFC. These results are in agreement with previous results from our lab showing that different β-lactam antibiotics upregulated GLT-1 and xCT in the NAc and PFC and consequently attenuated alcohol drinking [18, 21, 74] . Moreover, previous studies from our lab reported that β-lactam antibiotics increased GLT-1 and xCT, in part by increasing the expression of nuclear factor kappa-B and phospho-AKT in the NAc [20, 86, 87] . This suggests that these signaling pathways could be a possible mechanism for β-lactam antibiotic to upregulate these glial glutamate transporters. However, future studies are needed in the near future to determine whether these pathways are specific for the effects of β-lactam antibiotics on glial glutamate transporters. Evidence suggests the important role of the glutamatergic projections from the PFC to the NAc in cocaine relapse behavior. Findings suggested that chronic exposure to cocaine induces neuroadaptations, including the activation of glutamatergic release within the mesocorticolimbic brain regions. These result in an increase in extracellular glutamate concentration in this circuit, accompanied by an induction and expression of behavioral sensitization [80] , and a decrease in basal extracellular glutamate concentrations [88, 89] . In addition, exposure to cocaine-paired cues caused an increase in the extracellular glutamate concentration in the NAc, accompanied by an increase in the expression of conditioned locomotion due to significantly lower basal glutamate concentrations [89] . It is important to note that chronic exposure to drugs of abuse, including cocaine, have A.M. Hammad et al. Behavioural Brain Research 332 (2017) [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] [298] been shown to be involved in the limbic circuit in the NAc shell as well as the motor circuit in the NAc core within the mesocorticolimbic pathways [52, 53, 56, 57] . Additionally, ample evidence showed that both circuits are important for mediation of the changes in behavior associated with chronic exposure to drugs of abuse, such as acquisition and craving of cocaine [42, 56] . Chronic exposure to drugs of abuse was accompanied by a reduction in GLT-1 [14, 90, 91] , which led to an increase in extracellular glutamate concentration, due in part to a reduction in glutamate clearance in the NAc [6, 13, [46] [47] [48] 65, 92, 93] . In addition, several studies revealed that GLT-1 was downregulated in the NAc core and NAc shell tissue, but not in the dmPFC, following cocaine self-administration [94] [95] [96] . It is noteworthy that the decrease in GLT-1 expression might be strongly associated with length of access and length of withdrawal [92] ; this decrease was greater in the NAc core than in the NAc shell in long-access animals [97] . In agreement with the previous findings, this study showed that cocaine downregulated GLT-1 in the NAc core and NAc shell.
Additionally, the basal extracellular glutamate concentration was decreased in the NAc after withdrawal from repeated cocaine exposure [14] . Blocking xCT was shown to significantly reduce the basal extracellular glutamate concentration by almost 60%, indicating the key role of xCT in regulating glutamate homeostasis [98] . Basal glutamate concentration was regulated through the activation of group II metabotropic glutamate receptors, which, in part, inhibit glutamate release from presynaptic neurons and decrease extracellular glutamate concentrations. Findings have shown that chronic exposure to cocaine reduced xCT activity in the NAc core [99] and xCT expression in the NAc [13] . In agreement with the previous findings, we found in this study that cocaine downregulated xCT in the NAc core, and for the first time, we showed that this decrease is not limited to the core but it was also shown in the NAc shell.
Previous studies have found that treating animals with atypical xanthine derivatives, or ceftriaxone, GLT-1 and xCT upregulators, attenuated cue or context-induced cocaine reinstatement [19, 96] . Importantly, repeated exposure to N-acetyl cysteine, another upregulator for GLT-1 and xCT, attenuated cocaine-seeking behavior in rodents and reduced cravings in cocaine-dependent humans [100] . These compounds were found to restore GLT-1 expression in the NAc in cocaineexposed animals. Similarly, ceftriaxone was shown to upregulate GLT-1 expression in the PFC and to attenuate reinstatement to methamphetamine in a CPP paradigm [62] . AMP treatment showed the ability to upregulate GLT-1 [20] and xCT expression in the NAc and the PFC as well as to decrease daily ethanol intake in male P rats [21] . In this study, we showed for the first time that AMP/SUL treatment attenuated reinstatement to cocaine and reduced locomotor activity, in part through upregulation of GLT-1 and xCT in the NAc core, NAc shell and dmPFC.
Several studies have reported that mGluRs such as mGluR1 and mGluR5 play a crucial role in cocaine-seeking behavior [30, 101, 102] . Indeed, these studies showed that mGluR5 antagonists blocked cocaine CPP, reduced ongoing self-administration cocaine, and attenuated reinstatement to cocaine-seeking behavior in models of relapse. Additionally, previous studies have shown that mGluR5 antagonists reduced cocaine-seeking behavior [103] . However, mGluR1 antagonists were found to prevent the context-induced reinstatement of cocaineseeking behavior when these compounds were infused into the NAc core [104] or dorsal hippocampus [30] . Moreover, systemic administration of mGluR1 antagonist attenuated cocaine-induced locomotor sensitization [29] . Attenuation of behavioral effects of cocaine and methamphetamine in squirrel monkeys has been observed following exposure to mGluR1 antagonism [28] . This indicates that mGluR1 plays a key role in cocaine-seeking behavior. However, there is little known about the effects of cocaine exposure on mGluR1 expression in several central reward brain regions. In this study, cocaine exposure upregulated mGluR1 in the NAc core but not the NAc shell or dmPFC, and these effects were reduced by AMP/SUL treatment. This suggests that β-lactam antibiotics modulate the effects of cocaine exposure on mGluR1 expression and consequently reduce reinstatement to cocaine-seeking behavior.
In conclusion, our findings indicate that a decrease in GLT-1 and xCT expression in the NAc core might lead to an increase in extracellular glutamate concentrations. We suggest that this effect may lead to increase in the firing of medium spiny neurons, which may elevate the expression of postsynaptic glutamate receptors, including mGluR1. AMP/SUL treatment reduced reinstatement to cocaine-seeking behavior and attenuated the cocaine-induced increase in locomotor activity, in part through upregulation of GLT-1 and xCT expression in the NAc core, NAc shell and dmPFC. In addition, AMP/SUL was found here to normalize mGluR1 expression in the NAc core. Our data suggest that the development of reinstatement to cocaine is mediated at least in part by alterations in glial glutamate transporter/receptor expression in central reward brain areas, and β-lactam antibiotics may normalize these effects. However, future studies are warranted to investigate the specific effects of glial glutamate transporters on the reinstatement to cocaineseeking behavior. Thus, glial glutamate transporter blockers or vivomorpholino methods could be utilized to correlate the specific relationship between these transporters and cocaine-seeking behavior.
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